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1. Introduction
• The Higgs Boson is the final missing particle of the SM.
– Higgs mechanism postulated to explain EWSB.
– The lightest SUSY Higgs can be quite SM-like.
• After it has been discovered, we have to measure its properties.
– Extract information about properties from the discovery.
– With high statistics, try to measure some of the properties.
– Distinguish between the SM Higgs and an exotic particle.
• Current focus in ATLAS is on early data and
understanding of the detector.
– Work is towards discovery or exclusion.
– Studies presented in this talk are using√
s = 14 TeV and need 10 fb−1 or more.
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Production and Decay of the Higgs










































• All properties of the SM Higgs except MH predicted by theory.
– In particular, coupling to fermions proportional to Mf .
• Final state determined by the Higgs production mode, and
decay mode of the Higgs and any accompanying particles.
JHEP 0207 012, M. Spira HIGLU, PRL 87 201805, PRD 67 071503, Comp. Phys. Comm 108 56.
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Experimental Search Channels
• For any given Higgs boson mass,
several channels available.
– Important for extracting Higgs
properties in global fits.
• Most relevant Higgs decays:
– H → ZZ → 4`. Full reconstruction
of decay. Mass and spin.
– H → WW → ``. High statistics.
Spin correlation between `’s.
– H → γγ. Discovery and mass for
the lowest allowed masses.
– H → ττ . Enhanced in MSSM.
– H → bb¯. Large BR at low mass but
difficult at hadron colliders.
Expected significance for
low MH with 10 fb−1.
CERN-OPEN-2008-020
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2. The Higgs Mass
• The first property to be measured precisely is the Higgs mass.
– Needed as input to the other properties measurements.
• Two main channels to measure the mass (depending on MH):
– H → ZZ → 4`, for masses MH > 120 GeV.
– H → γγ, for masses MH < 150 GeV (shown below).
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The Higgs Mass
• H → ZZ → 4` channel allows
for a cleaner signal peak.
– Low rate channel.
• Expected mass resolutions:
– About 1.4 GeV in the
H → γγ channel.
– 2 − 3 GeV in H → 4`, larger
for high Higgs masses.
Higgs Mass [GeV]      
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3. Spin and CP of the Higgs
• The SM Higgs boson is a CP-even scalar (spin-0).
• H → WW analysis depends on a ∆φ(`, `) correlation.
• gg → H production mode and H → γγ decay only possible for spin-0.
CERN-OPEN-2008-020
• The H → ZZ → 4` does not use spin or CP information in discovery.
– Polarization of Z bosons depend on Higgs mass, for MH > 300 GeV
the Z’s from the Higgs decay are mostly longitudinally polarized.
• In the center-of-mass of the Z boson, the angle θ follows:
dΓ
d cos θ





(ZT → ``) ∝ 1 + cos
2
θ
• Z from other processes are
mostly transversely polarized.
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Observables R, α and β
• The angle between the 2 Z’s decay planes, φ, expected to be
correlated mainly for transversely polarized Z bosons.
– Correlation starts to disappear for MH > 300, longitudinal Z’s.
• Angular distributions for θ and φ described by:
F (φ) = 1 + α cosφ + β cos 2φ
G(θ) = T (1 + cos2θ) + L sin2θ
• Define observables α, β and R = (L− T )/(L + T ).
• Test for:
– Spin 1, CP +1
– Spin 1, CP -1
– Spin 0, CP -1
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Measurement of R
Eur. Phys. J. C32:209-219
ATLAS
• Predicted values of R as a
function of the Higgs mass.
ATLAS
• Expected precision on the
measurement of R (100 fb−1).
• R provides good separation between the SM Higgs boson and
the alternative Higgs bosons for MH > 230 GeV.
– For MH ≈ 200 GeV, a measurement of R is only able to
exclude the pseudo-scalar alternative.
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Predictions for α and β
• Measuring α and β helps pin down the CP and spin of the Higgs.
– Can distinguish between spin-0 and spin-1 for MH = 200 GeV.
ATLAS ATLAS
• Sensitivity to α and β can be enhanced if information about the
signs of the cos θ terms for the Z bosons is used.
Eur. Phys. J. C32:209-219
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Expected Measurements of α and β
ATLAS
• Expected measurement of α
and β when the sign of cos θ1
is equal to the sign of cos θ2.
ATLAS
• Expected measurement of α
and β when the sign of cos θ1 is
opposite to the sign of cos θ2.
Eur. Phys. J. C32:209-219
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Excluding Anomalous Spin and CP
• Exclude anomalous values
of spin and CP from:
– Decay angle θ in the Z
boson rest frame.
– The angle φ between the
decay planes of the Z’s.
• Pseudo-scalar easy to ex-
clude for all MH > 200 GeV.
• 5σ exclusion of the spin-1 hy-




Eur. Phys. J. C32:209-219
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Higgs Coupling to Weak Gauge Bosons
• Generalized parametrization of the
Higgs coupling to vector bosons:
T
µν(q1, q2) = a1(q1, q2)g
µν










• a1 governs the SM coupling, a2 and a3
the CPE(ven) and CPO(dd) couplings.







Eur. Phys. J. C51:385-414
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Fit to Pseudo-data
• Use a χ2 hypothesis test to determine the dominant coupling.
ATLAS
ATLAS
• Generated SM pseudo-data for two different analyses:
– H → WW for MH = 160 GeV, corresponding to 10 fb−1(left).
– H → ττ for MH = 120 GeV, corresponding to 30 fb−1(right).
Eur. Phys. J. C51:385-414
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Expected Result
• Create 10, 000 SM pseudo-data sets, repeat the test on each.
ATLAS ATLAS
• Median deviation from the CPE and CPO expectations:
– 5.3σ for CPE and 4.5σ for CPO for MH = 160 GeV (10 fb−1).
– 2.5σ for CPE and 2.0σ for CPO for MH = 120 GeV (30 fb−1).
Eur. Phys. J. C51:385-414
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Small Anomalous Coupling to Gauge Bosons
• After establishing dominant coupling is Standard Model-like:
– Check for additional small anomalous CPE coupling.
ATLAS ATLAS
• Expected precision on the determination of gHZZe for 30 fb−1:
– ∆(gHZZe ) = 0.11 in the H → WW channel for MH = 160 GeV.
– ∆(gHZZe ) = 0.24 in the H → ττ channel for MH = 120 GeV.
Eur. Phys. J. C51:385-414
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4. The Higgs Couplings - Rate Measurements
• Use measurements of rates in the various search channels to try
to extract widths and couplings of the discovered particle.
– Some Higgs decays undetectable, H → bb¯ very difficult.
– Rates require no assumptions on couplings.
– Relative uncertainties 10− 100%, depending on channel.
ATL-PHYS-2003-030
4. THE HIGGS COUPLINGS - RATE MEASUREMENTS 17. SYMMETRIES AND SPIN, JULY 29, 2009
JONAS STRANDBERG
Relative Partial Decay Widths
• Assume only one Higgs.
• ΓW most precisely measured,
normalize other widths to this.
– Reduces uncertainties.
• Partial widths measured to
better than 50% with 30 fb−1.
– Γb/ΓW close to 100% error.
• Total width Γ well below
detector resolution.
ATL-PHYS-2003-030
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From Rates to Couplings - Theoretical Assumptions
• Rate measurements can be turned into coupling measurements
by making a few additional theoretical assumptions.
– Reduce the number of adjustable parameters, do global fit.
• Also assume that g(H, V ) is bound from above by the SM value.
– Valid for any model with only Higgs singlets or doublets.
– Upper limit motivated from WW scattering unitarity.
– Add 5% margin (uncertainty converting widths to couplings).
g2(H, V ) ≤ 1.05 · g2SM (H, V ) V = W, Z
• Allow for additional particles in the H → γγ and gg → H loops.
– Free (signed) parameters Γγ(new) and Γg(new) in the fit.
• Allow for additional undetectable decays to light hadrons.
– Free parameter Γinv. in the global fit.
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Analysis Channels
Very many channels used, some with optimistic performances.
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The Global Fit
• In the SM the visible production and decay modes of the Higgs can be
parameterized by 5 couplings and the total width ΓH :
Production cross sections Branching ratios
σ(gg→H) = α(gg→H) · g
2






σ(V BF ) = α(WF ) · g
2
W + α(ZF ) · g
2






σ(tt¯H) = α(tt¯H) · g
2




σ(WH) = α(WH) · g
2





σ(ZH) = α(ZH) · g
2






• Besides the SM couplings and ΓH add the 3 additional parameters:
Γg(new), Γγ(new), Γinv.
• Γg(new) modifies σ(gg→H), Γγ(new) affects BR(H → γγ).
• Uncertainty ∆β = 1% and on ∆α = 4− 20% taken into account in the fit.
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New Partial Widths
• Contribution from extra particles
in H → γγ and gg → H loops:
– Allowed to give negative
contributions to Γγ and Γg.
– New partial width Γγ(new)
less than ±(25− 35)% of ΓSMγ .
– New partial width Γg(new)
less than ±(30− 90)% of ΓSMg .
• Undetectable partial width con-
strained to be less than 15− 55%.
– Represents undetectable H
decays into light hadrons.
– The tighter constraints are
reached for MH > 160 GeV.
ATLAS
Phys. Rev. D70 113009
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Absolute Couplings
• Get upper constraint on ΓH from:
– The assumption of ΓV ≤ ΓSMV
with V = W, Z.
– Measurement of Γ2V /ΓH in VBF
production with H → V V .
• Get lower limit on ΓH from the
sum of the visible decay widths.
• Fit for absolute couplings.
• The thin dashed lines represent
the purely statistical uncertainty.
– Systematic uncertainties re-
duces sensitivity noticeably.
ATLAS
Phys. Rev. D70 113009
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Excluding SUSY Higgs from Couplings
• In regions with 1 accessible Higgs, exclude MSSM from couplings.
ATLAS ATLAS
• Regions to the left excluded from global χ2 fit of couplings.
– 5σ exclusion contours to the left, 3σ exclusion to the right.
Phys. Rev. D70 113009
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Excluding SUSY Higgs from Couplings
• Similar χ2 fit can be performed for VBF production channels.
– Consider ratio of rates: R = BR(h → ττ)/BR(h → WW ).
– Plot contours of ∆ = (RMSSM −RSM )/σexp.
ATLAS ATLAS
hep-ph/0410112
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Conclusions
• After the Higgs boson has been discovered the focus will turn to
measuring its properties and verify that it is the SM Higgs.
• ATLAS can measure several properties of the Higgs boson with ∼30 fb−1:
– The mass with a precision of a few GeV for MH < 200 GeV.
Experimental resolution limiting factor until MH ≈ 300 GeV.
– Determine the spin and CP in H → ZZ → 4` for MH > 200 GeV.
– Clearly identify spin-0, CP even, for all MH > 230 GeV.
– The relative widths from a global fit to rate measurements.
– The absolute couplings if some additional theoretical assumptions
are made. Precision ∼10− 70% depending on which coupling.
– Exclude any anomalous HV V couplings from measurements of the
opening angle of the jets, ∆φ(j, j), in VBF events.
Let’s find the Higgs boson and answer these questions.
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Backup
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Higgs Boson Self-Couplings
• Cross section for di-Higgs production very small.
– Inaccessible at the LHC, need the Super-LHC.




, λSMHHHH = 3
M2H
v2
• Need more careful studies of background rates.
– Main backgrounds from tt¯, WW , WZ.
ATLAS
hep-ph/0204087
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